We examine the tidal disruption of satellite galaxies in a cosmological simulation of the formation of a disk galaxy in the ΛCDM scenario. We find that the disruption of satellite galaxies in orbits roughly coplanar with the disk leads naturally to the formation of ring-like stellar structures similar to that recently discovered in the outer disk of the Milky Way. Two interpretations appear plausible in this context. One is that the ring is a transitory, localized radial density enhancement reflecting the apocenter of particles stripped from a satellite during a recent pericentric passage (a "tidal arc" reminiscent of the tidal arms seen in disk galaxy mergers). In the second scenario, the ring is analogous to the "shells" found around some elliptical galaxies, and would result from a minor merger that took place several Gyr ago. The two interpretations differ in several ways. Tidal arcs (i) are expected to span a limited longitude range; (ii) may carry a substantial fraction of the original mass of the satellite; (iii) should exhibit a significant velocity gradient with Galactic longitude; and (iv) are in all likelihood asymmetric above and below the plane of the disk. Shells, on the other hand, may comprise at most a small fraction of the original mass of the satellite and, due to their more relaxed state, ought to be symmetric above and below the plane, with no discernible velocity gradients across the structure. Either interpretation suggests that this structure is not unique and that further ring-like structures in the Galaxy still await discovery. If confirmed as a tidal feature, the ring discovered by SDSS in the outer Galactic disk would strengthen the view-supported by numerical simulationsthat minor mergers and accretion events have played a significant role building up not only the stellar halo, but also the disk components of the Galaxy.
INTRODUCTION
Large-scale surveys like the Sloan Digital Sky Survey (SDSS) are starting to probe the limits of our understanding of the structure and dynamics of the Galaxy (Newberg et al. 2002) . The most recent example is provided by the discovery of a coherent structure at large Galactocentric distance and low galactic latitude spanning about 100 degrees on the sky (Yanny et al. 2003, hereafter Y03; Ibata et al. 2003, hereafter I03) . The nature of this "ring" of low metallicity stars remains a puzzle. Y03 suggest that it could be the debris of a tidally disrupted satellite moving on roughly circular orbits, while I03 prefer the hypothesis that the ring results from perturbations in the disk such as the remnants of ancient warps. Neither scenario is clearly preferable. Could the debris of a disrupted galaxy remain a sharp feature at 20 kpc from the Galactic center while being stretched over one hundred degrees on the sky? What kind of disk instability would put metal-poor stars on such a distant ring around the Galaxy?
It is possible to shed some light on the viability of such scenarios by turning to cosmological simulations of galaxy formation. Over the past few years, these simulations have improved in resolution to the point of allowing a detailed analysis 1 NOVA Fellow 2 Fellow of CIAR and of the Alfred P. Sloan Foundation 3 David and Lucile Packard Fellow and Sloan Fellow 4 Royal Society University Research Fellow of morphological and structural features of galaxies and their relation to individual merger and accretion histories (Bekki & Chiba 2001; Springel & Hernquist 2003; Governato et al. 2002; Sommer-Larsen et al. 2002; Abadi et al. 2002a,b) . Abadi et al. (2002b) , in particular, point out that the bulk of old disk stars may originate from tidal debris of disrupted satellites whose orbital planes were roughly coincident with that of the disk. This result prompted us to analyze the evolution of satellite debris in the galactic plane in order to explore whether it might explain the "ring-like" structure discovered by the SDSS.
The formation of ripples, arcs, and rings as a result of mergers has been discussed extensively in the literature in the context of the formation of shells around elliptical galaxies. These are usually interpreted as a consequence of the folding and wrapping of tidally-stripped stars in the potential well of the host galaxy (Quinn 1984; Dupraz & Combes 1986; Hernquist & Quinn 1988 , 1989 Nulsen 1989; Heisler & White 1990) . In this Letter we show that this is indeed a plausible explanation for the structure observed by Y03 and I03, and as such it may be considered a natural consequence of the hierarchical buildup of galaxies. Figure 1 illustrates the evolution of the debris of a tidally disrupted satellite in the cosmological simulation of the formation of a disk galaxy described by Abadi et al. (2002a,b) . As discussed by these authors, this galaxy resembles more an 1 Abadi et al. (2002a,b) . Top and bottom rows correspond to two different times in the simulation, z = 0.67 and z = 0.60, respectively. Panels on the left show a "face on" projection of the debris. The main galaxy is at the center of coordinates, but only the stars in the satellite are shown for clarity. Middle panels show, in a cylindrical coordinate system, the (galactocentric) radial velocity versus azimuthal angle φ for particles in the arc delimited in radius by the two concentric circles and in longitude by the arrows labeled by φ. Right hand panels show radial velocity and distance for all satellite particles (top row) or for those with 45 • < φ < 120 • (bottom row), respectively. Curves in these panels indicate the loci of particles with three different values of the binding energy, E, and angular momentum equal to the average of particles in the arc. early-type spiral than the Milky Way; still, the luminosity of the disk component (L disk ∼ 2 × 10 10 L ⊙ ) and the circular speed at R = 10 kpc (∼ 250 km s −1 ) are comparable to those of the Milky Way. Therefore, physical quantities quoted here may be taken as indicative of similar accretion events affecting the Galaxy without substantial rescaling. We emphasize, however, that the simulated galaxy is not a model of the Milky Way, and that our main goal is to understand qualitatively rather than quantitatively the nature of the structure observed by Y03 and I03. Indeed, the simulation precedes the announcement of the ring by Y03, and its results were thus in no way prejudiced by its discovery.
TIDAL ARCS IN A COSMOLOGICAL SIMULATION
The satellite has an orbit roughly coplanar with that of the main disk of the galaxy, and its "face on" projection is shown in the left panels of Figure 1 . The accretion of this satellite adds 3.5×10 9 M ⊙ (or about 6%) to the stellar mass of the preexisting galaxy. The first pericentric passage that results in significant stripping occurs at z ∼ 0.68.
As is clear from Figure 1 , sharp "ring-like" structures are readily seen at various times during the disruption of the satellite. In the top panels of Fig. 1 , at z = 0.67, most stars with 4 kpc < R < 7.5 kpc and 100 • < φ < 210 • were stripped from the satellite during its first pericentric passage. The top middle and right hand panels demonstrate that this incomplete ring (hereafter "tidal arc", for short) is made out of particles with a range of energies that decrease systematically with increasing angle φ: particles at φ ≈ 175 • are at the apocenter of their orbit, whilst those at φ ≈ 125 • have yet to reach it. By the same token, those at φ ≈ 200 • are already past their apocenter and are moving inwards. Their coincidence on an "arc" of roughly constant radius is therefore a transitory event. Similar arcs are produced after every pericentric passage that strips a significant number of stars from the satellite; for example, a second one may be seen at z = 0.60 between R = 13 and 18 kpc, and φ = 45 • and 120 • , as shown in the left bottom panel of Fig. 1 . These "tidal arcs" become progressively less well defined with time, as the orbits of particles in different energy levels precess around the main galaxy at different rates, weakening the radial coincidences illustrated in Figure 1 . After z = 0.5, tidal arcs become very difficult to discern in the satellite debris.
The tidal arc formation mechanism described above implies a number of well defined properties that may be verified obser- Figure 1 , but for a simulation of the disruption of a 10 6 -particle spherical satellite modeled after that discussed in § 2. The debris is shown at z = 0 and illustrates the persistence of long-lived density enhancements of constant radii ("shells"). Middle panel shows, using cylindrical coordinates, the (galactocentric) radial velocity versus azimuthal angle φ for particles in the annulus highlighted in the panel on the left. The vertical dashed curves in the panel on the right correspond to the radii defining the annulus shown in the X-Y projection.
vationally. Perhaps the most salient is illustrated in the middle panels of Figure 1 : a well defined radial velocity gradient is expected across the tidal arc. For the two tidal arcs discussed thus far, the (galactocentric) radial velocity varies by almost 200 km s −1 across 50 degrees in azimuthal angle.
Another notable feature is that tidal arcs span a limited azimuthal range. The actual range spanned depends both on the location of the observer as well as on the eccentricity of the satellite's orbit at the time of stripping; more circular orbits lead to wider rings but somewhat less sharply defined in radius. Interestingly, the angular extent of the tidal arcs shown in Figure 1 (∆φ ∼ 100 • ) is comparable to that of the structure observed by Y03 and I03. We also note that particles on the tidal arcs are on rather eccentric orbits: the specific angular momentum of particles in the tidal arc seen at z = 0.67 is almost a factor of 2 lower than that of a circular orbit at the same radial location, and their R per /R apo ratio averages 0.18.
The fraction of the mass of the satellite contained within each arc varies according to the fraction of mass stripped from the satellite at each pericentric passage. Depending on the orbit, it is possible to strip a substantial fraction of the satellite's mass in one single passage (see, e.g., Hayashi et al. 2003) , which implies that the rings might contain a significant fraction of the original mass of the satellite: in particular, the arcs identified at z = 0.67 and at z = 0.60 contain, respectively, ∼ 8% and ∼ 7% of the total mass of the satellite.
Finally, the orbit of the disrupting satellite is not exactly coplanar, leading to asymmetries above and below the plane of the disk: the rings identified in Figure 1 at z = 0.67 and 0.60 have, respectively, 64% and 60% of their mass above the plane of the disk with a typical scaleheight of ∼ 1 kpc. In summary, tidal arcs are structures characterized by being transitory, asymmetric in velocity and height, and of limited (but possibly substantial) angular extent.
RADIAL SHELLS AS RELICTS OF MINOR MERGERS
One potential difficulty for the tidal-arc interpretation of ring-like features in the outer Galactic disk is that these arcs are transient configurations that phase-mix away within a few rotation periods. As mentioned above, tidal arcs become too diluted to recognize unequivocally 1 Gyr after the first pericen-tric passage. This is in part because of the limited numerical resolution of the cosmological simulation: sharp features and ripples in configuration space are expected to be long-lived under most circumstances, as shown by earlier work on the origin of shells around elliptical galaxies, (Quinn 1984; Dupraz & Combes 1986; Hernquist & Quinn 1988; Heisler & White 1990) .
To test the hypothesis that ring-like structures might be longlived, we have followed the disruption of a 10 6 -particle satellite (modeled after the one shown in Figure 1 ) in a fixed galactic potential. We use a quadrupole expansion code (Zaritsky & White 1988) , and represent the satellite with a King profile of concentration log 10 (r t /r c ) = 1.34, total mass 3.44 × 10 9 M ⊙ , total one-dimensional velocity dispersion 59.4 km s −1 , and core radius r c = 0.82 kpc. The main galaxy is chosen to match that of the cosmological simulation, and is approximated by the superposition of a Miyamoto-Nagai disk (Miyamoto & Nagai 1975) , a Hernquist bulge (Hernquist 1990 ) and an NFW halo (Navarro, Frenk & White 1997) . The initial position and velocity of the center of mass of the satellite are those of the satellite in the cosmological simulation at z = 0.74, before any significant disruption takes place.
Since the goal of this (re)simulation is to study the longterm survival of ring-like features, we focus our analysis on the structure of the debris at z = 0. The left panel in Figure 2 shows a "face-on" view of the satellite debris at this time: several sharply-defined radial features are easily identified in this panel, especially in the outer regions. To illustrate the properties of these features, we choose the annulus defined by 33 < R < 37.5 kpc and 70 • < φ < 150 • , as shown in the left panel of Figure 2 . The radial enhancement highlighted in this panel is dominated by particles of similar binding energy as they crowd at the apocenter of their orbits (i.e., those with v R ≈ 0 in the right-hand panel of Figure 2 ). These structures are relaxed, long-lived, symmetric in space and in velocity, and closely resemble the "shell" structures found around some elliptical and a few spiral galaxies (Malin & Carter 1983; Wilkinson et al. 2000) .
Shells are similar to the tidal arcs discussed in § 2 in several respects but they also differ in a number of fundamental properties. The central panel of Figure 2 shows, for example, that there are no gradients in the radial velocity across the shell. Moreover, the radial velocity distribution at any given location on the shell has several components, as can be readily seen from the right-hand side panel of the same figure: it is dominated by a central core with |v R | ∼ < 50 km s −1 and σ R ∼ 20 km s −1 comprising ∼ 70% of the stars, together with a number of small peaks corresponding to particles of higher energy on their way to or from their (more distant) apocenters. The presence of these peaks at high |v R | increases the radial velocity dispersion of the ring to 100 km s −1 . By contrast, the velocity distribution at a given location on the "tidal arcs" shown in Figure 1 is significantly smoother, with σ R ∼ 45 km s −1 at z = 0.60 and σ R ∼ 65 km s −1 at z = 0.67.
The radial velocity distribution is not the only difference between tidal arcs and shells. Contrary to tidal arcs, shells are long-lived, relaxed features that are expected to be symmetric above/below the plane of the disk: indeed, half of the particles in the shell identified in Figure 2 lie above the disk plane. A further difference concerns the angular extent of the feature. Shells are made out of particles with similar energy which, at low galactic latitude, orbit the galaxy on rosettes formed by precessing (usually) open ellipses. A sufficiently long time after the merger, different particles will have precessed by different amounts and the ellipses will cover a large azimuthal range, to the point that one may imagine drawing a "ring" connecting the apocenters of each individual orbit, as seen in Figure 2 .
Finally, one of the main differences between "tidal arcs" and "shells" is that it is very unlikely that the latter may carry a significant fraction of the original mass of the satellite: only 0.7% of the satellite's mass is at z = 0 in the radial shell shown in Figure 2 , an order of magnitude smaller than the fraction of mass carried by the tidal arcs shown in Figure 1 . Other longlived shell structures that are easily identified in the same figure carry a similarly low fraction ( ∼ < 1%) of the original mass of the satellite.
DISCUSSION
The main purpose of the simulations presented here is not to match quantitatively the properties of the structure discovered by SDSS, but rather to show that qualitatively similar features arise naturally as a result of the accretion of satellites on orbits roughly coplanar with the Galactic disk. Tidal arcs ( § 2) are prevalent during the actual disruption process (which should last a few orbital times, or less than ∼ 1 Gyr or so) whereas shells ( § 3) are long-lasting features that may be identified long after the debris has reached equilibrium in the main galactic potential.
A cursory comparison with the properties of the structure observed by Y03 and I03 shows that both interpretations are consistent with observations. Indeed, the extent in Galactic longitude is comparable to both arcs and shells shown in Figures 1  and 2 . Y03 claim a systematic variation in the mean radial velocity with longitude, from 22 km s −1 at l = 182 • and b = 28 • , to 103 km s −1 at l = 225 • and b = 27 • , which would seem to favor the tidal arc interpretation. However, careful inspection of the velocity histograms of Y03 reveals the presence of multiple peaks, albeit of low statistical significance given the small number of stars. These peaks can either be attributed to the Galactic halo component or to the multiple streams characteristic of the shell scenario.
Distinguishing between these two scenarios is important in order to estimate robustly the time of accretion as well as the original mass of the satellite. Confirming, for example, that the structure spans a limited range in Galactocentric longitude, or that it is asymmetric above/below the plane would strengthen the tidal arc interpretation. This, in turn, would suggest a very recent accretion event; perhaps the Sagittarius dwarf galaxy (Ibata, Gilmore & Irwin 1994) is not the only satellite being accreted today by the Milky Way. Interestingly, both scenarios predict more than one radial density enhancement, so one may expect that further "rings" and streams in the disk such as that discovered by SDSS still await discovery (see, e.g., Gilmore, Wyse & Norris 2002) . More detailed analysis of presently available datasets and radial velocity campaigns can provide the first clues as to which interpretation may be preferred, while large scale surveys like RAVE (Steinmetz 2002) and GAIA (Perryman et al. 2001) will enable us to recover other debris structures associated with the "ring".
We end by noting that tidal ripples of the kind discussed here are not a new idea, and were discussed by Hernquist & Quinn (1988) and others well before our study. The cosmological simulation analyzed here suggests that satellites will often have orbits approximately coplanar with the disk of the primary, and thus a significant fraction of their debris should be concentrated in the Galactic disks (Abadi et al. 2002b ). Identifying and cataloging such structures-an unavoidable consequence of the hierarchical build-up of galaxies-should help us unravel the puzzle of the assembly of the Galaxy.
